Highly porous carbons have been successfully synthesized by chemical activation of polythiophene with KOH. The activation process was performed under relatively mild activation conditions, i. e., a KOH/polymer weight ratio of 2 and reaction temperatures in the 600 -850 ºC range. The porous carbons thus obtained possess very large surface areas, up to 3000 m 2 /g, and pore volumes of up to 1.75 cm 3 /g. The pore size distribution of these carbons can be tuned via modification of the activation temperature. Thus, by increasing the activation temperature from 600 to 850 ºC, the nature of the carbons changes gradually from microporous to micro-mesoporous (with small mesopores of up to 2.5 nm). The polythiophene-derived activated carbons are sulfur-doped with sulfur contents in the 3 -12 wt% range. The sulfur content decreases at higher activation temperature. The hydrogen storage capacity of these activated carbons, at cryogenic temperature and 20 bar, is up to 5.71 wt% with an estimated maximum hydrogen uptake of 6.64 wt%. Their ease of preparation and high uptake makes the polythiophene-derived carbons attractive hydrogen storage materials.
Introduction
The fabrication of porous carbons with optimized and tailored structural and chemical properties is key to their use in numerous emergent applications such as storage of electrical energy in supercapacitors [1] , immobilization and separation of large biomolecules [2] , CO 2 capture [3] , methane [4] or hydrogen storage [5] , adsorption of specific contaminants in liquid phase (e. g., dyes, heavy metal ions, anions, etc) [6] , catalyst supports in fuel cells [7] , etc. Whereas for the immobilization and separation of large biomolecules and catalyst supports in fuel cells, mesoporous materials are regarded as the best candidates [2, 7] , for energy storage or gas sorption applications, microporous materials exhibit the best performance [1, [3] [4] [5] 8] . Gas and energy storage are currently attracting much attention due to the ever-increasing demand for energy and the environmental problems caused by society's continuing dependence on fossil fuels. Therefore, much research effort is currently directed towards the design of materials that are tailored for use in energy-related gas and energy storage applications. In particular, the development of materials for efficient hydrogen storage remains a challenge. Porous materials are able to store hydrogen by physisorption and several studies have shown that narrow micropores, of size 0.6 -0.7 nm, are the most efficient for hydrogen storage [9, 10] . However, large surface area and high pore volume are also necessary to ensure high hydrogen uptake and can sometimes compensate for the presence of less efficient larger (> 1.0 nm) pores [9, 11, 12] .
A possible synthesis strategy to suitable hydrogen stores is the production of carbon materials with ultra high surface area and pore volume. It is often the case that the nature of carbon precursors plays an important role in determining the textural properties of carbon materials generated via templating or activation processes [3-6, 11, 13-16] . The carbon precursors can also enable the doping of heteroatoms onto templated or activated carbons [11, 14] . Here we present for the first time the one-step chemical activation (with KOH as activating agent) of the polymer polythiophene, as a way to achieving carbon materials with high surface area and large pore volume. The textural properties and chemical composition of the resulting S-doped porous carbons were tuned by modifying the activation temperature while retaining a relatively low KOH/polythiophene weight ratio of 2. In this way, a variety of highly porous carbons with varying S content were obtained. We present and demonstrate the effectiveness of the polythiophene-derived activated carbons as attractive hydrogen stores.
Materials and methods

Synthesis of porous carbons
Polythiophene (PTh) was prepared using FeCl 3 as oxidant. In a typical synthesis, 3 g of 2-thiophenemethanol (Aldrich) in 20 mL of acetonitrile, CH 3 CN, (Aldrich) were slowly added, under vigorous stirring, to a solution of FeCl 3 (28.9 g, Aldrich) in 100 mL acetonitrile. The resulting mixture was stirred for 15 h at room temperature. The obtained polymer (PTh) was separated by filtration, washed with distilled water and then with acetone. Finally, it was dried at 120 ºC. The PTh yield was around 95%. The complete removal of iron compounds arising from the oxidant, FeCl 3 , was confirmed by thermogravimetric analysis; no inorganic residue remained after combustion of the carbonaceous matter.
Polythiophene was chemically activated as follows; a mixture of PTh and KOH (KOH/PTh weight ratio = 2) was heated under nitrogen up to a target temperature in the range 600 -850 ºC (heating rate: 3 ºC/min, holding time: 1 h). The activated samples were then thoroughly washed several times with HCl (10 wt%) to remove any inorganic salts and then washed with distilled water until neutral pH. Finally, the carbons were dried in an oven at 120 ºC. The activated carbons thus synthesized were denoted as ACTx, where x is the activation temperature (in ºC).
Characterization
The textural properties of the carbons were determined by nitrogen sorption analysis Hydrogen uptake measurements. The hydrogen uptake capacity of the carbons was measured by gravimetric analysis with an Intelligent Gravimetric Analyser, IGA, (Hiden) using 99.9999% purity hydrogen additionally purified by a molecular sieve filter. The hydrogen uptake measurements were performed at -196 ºC (in a liquid nitrogen bath) over the pressure range 0 to 20 bar. The uptake data were corrected for the buoyancy of the system and samples. The hydrogen uptake was calculated on the basis of a density of 1.5 g/cm 3 (helium density) for the carbons. it is noted that all the isotherms exhibit high nitrogen uptake at relative pressures lower than 0.02 due to micropores, and additionally, for temperatures ≥ 750 ºC, small mesopores are also evident, as indicated by the slope in the relevant isotherms at relative pressure (P/Po) in the range 0.1 -0.3. The plateau in the nitrogen isotherms is reached at increasingly higher relative pressures (in the range 0.15 to ~ 0.5) for carbons activated at higher temperature, which suggests an enlargement of pore size. This is corroborated by the pore size distribution (PSD) curves in Figure 2b . The PSD curves indicate that all the activated carbons are bimodal. However, whereas for ACT-600 and ACT-700 both pore size maxima lie below 2 nm (i.e., 0.9 and 1.3 nm for ACT-600 and 0.9 and 1.9 for ACT-700), for the samples activated at 750 ºC and above, the larger pore size maxima is at 2.0 -2.5 nm (the smaller being 1.2 nm for all three samples). A clear increase in pore size is thus registered at higher activation temperatures.
Results and discussion
The textural parameters of the samples, determined from adsorption data, are summarized in Table 1 . It can be seen that all the samples exhibit large surface area, in the range 1800 -3000 m 2 /g, with more than 77% arising from micropores. As expected from the enlargement of pore size at higher activation temperature, the contribution of micropores to the total surface area decreases with the activation temperature. The pore volumes are also high, between ~ 0.9 and 1.8 cm 3 /g. These textural parameters are superior to those achieved by simple carbonization of the polythiophene polymer at 800 ºC (i.e., surface area of 550 m 2 /g and pore volume of 0.43 cm 3 /g). Overall, the textural data indicate that highly microporous materials (S microp > 1700 m 2 /g) can be achieved via simple chemical activation (with KOH) of polythiophene. Of particular note is the fact that these highly porous carbon materials are prepared using a low (i.e. 2) ratio of KOH to the carbon (polythiophene).
The chemical composition of the polythiophene polymer and the activated carbons is presented in Table 1 . The polythiophene polymer contains ~28 wt% sulfur, a content that is significantly lower than that of the unsubstituted polythiophene (~38 wt%). The apparent lower sulfur content in the polymer is due to the presence of ~11 wt% oxygen, which arises from the oxidative polymerization process. When polythiophene is carbonized at 800 ºC, half of the sulfur is removed, while activation of the polymer causes a decrease in sulfur content of between 70 and 91% with greater loss at higher activation temperature. This suggests the preferential removal of sulfur (compared to carbon) during the activation process. Nevertheless, the sample activated at the lowest temperature, ACT-600, contains a large amount of sulfur (11.8 wt%). This is one of the largest sulfur contents ever reported for a highly activated carbon. We have previously observed [13] that the sulphur present in these polythiophene-derived activated carbons
exists in the form of sulphide (-C-S-C-) and sulphone (-C-S(O) 2 -C-) bridges which
connect the aromatic rings, as schematically illustrated in Figure 1 .
The hydrogen storage capacity of the high surface area S-doped carbon materials was determined at liquid nitrogen temperature (-196 o C) via a gravimetric method at pressures of up to 20 bar. Figure 3a shows the total hydrogen uptake isotherms for the various activated carbons. The hydrogen uptake isotherms are completely reversible and exhibit no saturation in the 0 -20 bar pressure range, which suggests that higher hydrogen uptakes can be obtained if the pressure is increased beyond 20 bar. In this sense, the Langmuir model was used to estimate the maximum hydrogen storage capacity from the experimental data [14] . The values of the estimated maximum hydrogen uptake along with the experimental uptake at 1 and 20 bar are shown in Table 1 . The hydrogen storage capacity is in the range 4.6 -5.7 wt%. As illustrated in Figure 3b , the hydrogen uptake of the present carbons is generally superior to that of other comparable activated carbons with the same or higher surface area (open triangles in Figure 3b ) [15] [16] [17] , and is comparable or superior to that of metal organic frameworks (MOFs) of similar surface area (open diamonds in Figure 3 ) [18] [19] [20] . Furthermore, the hydrogen uptake is in line with that of activated carbons previously prepared by our group from hydrothermally
carbonized materials (open circles in Figure 3b ) [21] . We note that comparisons of the performance of the present carbons as hydrogen stores with other types of materials such as MOFs should always take into account the relative simplicity and attractiveness of activated carbon synthesis. The estimated maximum hydrogen uptake (obtained using
Langmuir plots [14] ) is in the range 5.3 -6.6 wt%.
It is noteworthy that, in Figure 3b , the carbons with smaller pores (i.e., ACT-600 and ACT-700) are above the Chahine rule line (slope = 1.0×10
represented by the solid line in Figure 3b , whereas those with larger pores (i.e., at least one pore size system in the mesopore range) fall just below. Regarding the likely influence of S-doping on hydrogen storage, if we compare the hydrogen uptake density (μmol H 2 /m 2 ) of the materials with the highest S content, i.e. ACT-600 and ACT-700, with that of other KOH-activated carbons (which in principle will possess similar oxygen content) with similar PSD prepared by us [21] and Fierro et al. [17] , it can be seen that it is similar (~ 12 μmol H 2 /m 2 ). From this comparison, it seems that S does not have influence on the hydrogen storage capacity of carbon materials under cryogenic conditions. As previously reported by many authors, a decrease in the hydrogen uptake density takes place as pore size increases and the proportion of microporosity reduces (see Table 1 ). However, the highest hydrogen uptake is achieved by the carbon sample with the highest surface area and pore volume, even though it possesses pores that are less efficient for hydrogen uptake. It is likely that the sheer magnitude of the surface area and pore volume compensate for the lower uptake efficiency of the mesopores.
Conclusions
In summary, highly porous carbons with tunable pore size distribution in the micropore to 
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